thin films prepared by alternate pulsed laser deposition show a broad photoluminescence band with two characteristic peaks at 1540 and at 1640 nm, respectively, related to Er 3+ and Tm 3+ emissions. Two series of films have been prepared. For the first series, the Tm concentration ͓Tm͔ has been increased while keeping constant the Er concentration ͓Er͔. The results show that the photoluminescence intensity at 1640 nm ͑I 1640 ͒ to that at 1540 nm ͑I 1540 ͒ decreases and that at 1640 nm ͑I 1640 ͒ increases, i.e., the ͑I 1640 / I 1540 ͒ ratio increases as ͓Tm͔ is increased. For ͓Tm͔ / ͓Er͔ = 3, a fairly flat emission spectrum ͑I 1640 / I 1540 ϳ 1͒ with a full width at half maximum of 230 nm is achieved. For the second series both ͓Tm͔ and ͓Er͔ are increased while keeping the ͓Tm͔ / ͓Er͔ ratio constant. The I 1640 / I 1540 ratio tends to be constant with a full width at half maximum of 150 nm. The lifetime values decrease in all cases as ͓Tm͔ increases. The evolution of the I 1640 / I 1540 and lifetimes as a function of ͓Tm͔ as well as the analysis of the latter considering Er as a donor and Tm as an acceptor evidence that there is an efficient energy transfer from Er 3+ to Tm 3+ . These results suggest that enhanced performance with a flat broadband emission useful for planar integrated devices is achievable by further dopant engineering in the nanoscale.
I. INTRODUCTION
Integrated optoelectronic circuits require the development of light sources and optical amplifiers in planar waveguides. Rare earth ͑RE͒ doping of dielectrics allows suitable materials for these applications.
1,2 Moreover, there is a great effort to develop planar devices for wavelength division multiplexing ͑WDM͒ in access and local networks, that require the design and implementation of broadband optical amplifiers covering the range from 1.4 to 1.6 m, in addition to the present silica based erbium ͑Er͒ doped amplifiers ͑1530-1630 nm͒. 3, 4 In principle, it is possible to use a configuration of independent amplifiers in order to cover different wavelength ranges. However, this configuration will lead to an increased complexity in the network as well as to a gain spectrum that is not likely to be continuous. The use of more than one kind of a RE ion in a single integrated device is an interesting alternative approach to develop broadband integrated optical amplifiers. The emission of thulium ions ͑Tm 3+ ͒ offers a promising complement to that of Er 3+ due to their emission bands around 1.47 and 1.6-2.1 m. 5, 6 Therefore Tm doping and Er-Tm codoping have intensively been studied for materials suitable for fiber amplifiers [5] [6] [7] [8] and to a much less extent in thin films for planar devices. 9, 10 When doping with Tm 3+ the choice of a suitable host material is essential. Due to its electronic structure, silica and most silica based glasses are not as suitable for Tm 3+ as they are for Er 3+ due to their relative high maximum phonon energy ͑ϳ1100 cm −1 ͒ that inhibits the emission at 1.47 m. As a consequence significant effort has been directed to the research of Tm-doped fluorides due to their low phonon energies ͑ϳ580 cm −1 ͒ compared to silica based glasses. 5, 11 However, considering the rather poor chemical durability of most fluoride glasses the development of more robust glasses such as oxides with sufficiently low maximum phonon energy is necessary. For this reason tellurite 7 and aluminate glasses 12 have recently been explored as potential materials for future near infrared light sources and amplifiers. An attractive alternative material host for integrated optical circuits based on the silica-on-silicon approach is the amorphous aluminum oxide ͑a-Al 2 O 3 ͒, that shows a moderate maximum phonon energy ͑ϳ870 cm −1 ͒ ͑Ref. 13͒ as well as a high refractive index compared to SiO 2 , thus making possible small device structures. 14 In previous works we have shown that alternate pulsed laser deposition ͑PLD͒ of the host ͑a-Al 2 O 3 ͒ and the RE dopant ͑Er and Yb͒ can be used to obtain artificial structures in which the RE concentration and the ion-ion separation are controlled in the nanometer scale. 15, 16 This approach has recently been applied to Er and Tm codoping and a broad emission band in the 1.4 to 1.7 m has been achieved for a specific configuration. 17 The aim of this work is to determine the dependence of the emission band in terms of its intensity, width, and lifetime on the Tm and Er concentration and dis-tribution, in order to both optimize the emission efficiency and to understand the energy transfer mechanisms between Tm 3+ and Er 3+ .
II. EXPERIMENT
An ArF excimer laser ͑ = 193 nm and = 520 ns full width at half maximum͒ was used to alternately ablate Al 2 O 3 and RE ͑Er and Tm͒ targets. The laser was focused at the targets in order to achieve an average laser energy density of 2 mJ cm −2 . All the films have been designed to have a total thickness of ϳ300 nm.
Two series with different RE distributions and concentrations have been prepared. In the f͑Tm͒ series the Er concentration is constant and the Tm concentration ͓͑Tm͔͒ is varied by increasing the number of Tm layers inserted among two consecutive Er layers, and thus the Tm to Er concentration ratio ͓͑Tm͔ / ͓Er͔͒ is increased. The Er-Er indepth separation is kept constant and equal to 6 nm. The number ͑n T ͒ of Tm layers between two consecutive Er layers has been designed to be 1, 2, 3, and 5 and, in each case, they are evenly distributed in depth. The resulting films thus have a multilayerlike structure that can schematically be described from bottom to top as ͓͑Al 2 O 3 /Tm͒n T /Al 2 O 3 /Er͔ ϫ 50, 50 being the number of cycles. Further details on the f͑Tm͒ series growth can be found in Ref. 17 . In the f͑RE͒ series, the Tm to Er concentration ratio ͓͑Tm͔ / ͓Er͔͒ was kept constant by depositing one Tm layer per Er layer ͑n T =1͒ and varying the number of cycles. The complete deposition sequence involves in this case an a-Al 2 O 3 layer followed by a number n RE of pairs of Er-Tm layers ͑cycles͒. The structure of these films can thus be described from bottom to top as ͓Er/ Al 2 O 3 /Tm/Al 2 O 3 ͔ ϫ n RE where n RE has been varied from 50 to 300, and the layers have been evenly distributed throughout the film depth. Two reference films only doped with Er or Tm have also been prepared. They have an Er-Er layer separation of 6 nm ͓similarly to this separation in series f͑Tm͔͒ and a Tm-Tm layer separation of 1.5 nm. Table I .
Photoluminescence ͑PL͒ measurements were performed at room temperature using the experimental setup described in earlier work. Pumping was performed using a Ti:sapphire laser beam at 794 nm. This wavelength corresponds to the absorption band of the 3 H 6 -3 H 4 transition for the Tm 3+ ions and to the 4 I 15/2 -4 I 9/2 transition for the Er 3+ ions. Both ions can thus be excited by direct absorption at this wavelength, enabling a direct comparison of results obtained in codoped films to those obtained for Er-only and Tm-only doped films. Finally, the luminescence decay curves at the peaks of the emission spectra were averaged and recorded with a digital oscilloscope to determine the lifetimes.
In a previous work, 19 the PL emission for a Er-Tm codoped film ͓f͑Tm͒ −1 or f͑RE͒ −50͔ has been reported to be optimum after step annealing for 1 h at 600°C, followed by annealing during an hour at 650°C in air. The study of the PL response as a function of the annealing temperature has yielded the same conclusion for all codoped films described in Table I , and thus results will only be presented for films after this annealing procedure. 
III. RESULTS
Figure 1 shows representative PL spectra for the Er-Tm codoped films of both f͑Tm͒ and f͑RE͒ series. The spectra corresponding to the Er-only and Tm-only reference films can be found in Ref. 17 . All spectra of Er-Tm codoped films show the characteristic emission peak at 1540 nm related to the transition from the first excited state to the ground state of Er 3+ : 4 I 13/2 − 4 I 15/2 . In addition a second emission peak in the range of 1620-1640 nm is always observed. This peak is most likely originated from the short wavelength band edge emission of Tm 3+ : 3 F 4 -3 H 6 . This transition is known to lead to a broad emission band that usually peaks around 1800 nm, the specific value depending on the host material. The observation of the emission at relatively short wavelengths ͑ഛ1640 nm͒ is consistent with the fact that Tm 3+ has a strong coupling to its surrounding and, thus, the transition is inhomogeneously broadened. This interpretation is supported by the reports on the especially large energy spread of the individual stark components of the 3 H 6 levels for germanoand alumino-silicate glasses 20 and emission at 1630 nm for a fluorine Tm-doped crystal. 21 The broad emission bands observed in Fig. 1 are thus the result of simultaneous emission of Er 3+ and Tm 3+ . The PL spectra for the f͑Tm͒ series ͓Fig. 1͑a͔͒ shows that the intensity balance of the two peaks depends on the Tm concentration, leading to a fairly flat emission profile over a wide spectral range for the film having ͓Tm͔ = 2.15 ϫ 10 20 at. cm −3 . The PL spectra of films in the f͑RE͒ series ͓Fig. 1͑b͔͒ show a broad band with two peaks similar to the spectra from the f͑Tm͒ series. However, the shape does not depend on the RE ͑Er and Tm͒ concentration in this case. Figure 2 shows the evolution of the PL intensity peaks at 1540 and 1640 nm for both series of codoped films as a function of the Tm concentration. Data obtained in the Eronly and Tm-only doped films are included for comparison. For the f͑Tm͒ series, the intensity of the emission at 1540 nm decreases following a linear trend ͓Fig. 2͑a͔͒ as the Tm concentration increases whereas that at 1640 nm it first increases when the Tm concentration increases up to 2.2 ϫ 10 20 cm −3 and then decreases. 17 For the f͑RE͒ series ͓Fig.
2͑b͔͒, both PL peaks follow the same trend: The intensity first increases for a concentration up to 1.1ϫ 10 20 cm −3 and then decreases as the Tm concentration increases further. Note that the PL intensity at 1540 nm for the f͑Tm͒ series is always lower than that of the Er-only doped film, whereas for the f͑RE͒ series it is always comparable to that of the Er-only doped film and only becomes significantly lower for the film with the highest Tm ͑or Er͒ concentration ͑4.3 ϫ 10 20 cm −3 ͒. The PL intensity emission at 1640 to 1540 nm ratio and the full width at half maximum ͑FWHM͒ of the spectra have been plotted in Fig. 3 as a function of the Tm concentration. It is shown that for the f͑Tm͒ series ͓Fig. 3͑a͔͒, the PL intensity ratio increases nearly linearly as the Tm concentration increases, this ratio becoming equal to unity for a Tm concentration of 2.2ϫ 10 20 cm −3 ͓the spectrum is plotted in Fig.  1͑a͔͒ . Instead, Fig. 3͑b͒ shows that the PL intensity ratio first increases for a Tm concentration of 1.1ϫ 10 20 cm −3 and then remains constant at ϳ0.7 for the f͑RE͒ series. Both series of codoped films show a broad emission band in the range of 1.4-1.7 m with a FWHM always larger than 100 nm and thus with values that are comparable or higher than those reported for Er-Tm codoped silicate and tellurite fibers. 7, 8 The FWHM increases from 125 up to 230 nm for the highest Tm concentration in the f͑Tm͒ series. Instead, it increases from 125 to a constant value around ϳ150 nm for Tm ͑or Er͒ concentrations higher than 1 ϫ 10 20 cm −3 in the f͑RE͒ series. Figure 4 shows the lifetimes measured in the codoped 
IV. DISCUSSION
The results clearly show that Er-Tm codoped a-Al 2 O 3 films provide a broad emission band from 1450 to 1650 nm when using a single source of excitation at 794 nm. The specific spectral response depends on both the ͓Tm͔ / ͓Er͔ concentration ratio ͓series f͑Tm͔͒ and the total rare earth ion concentration ͓series f͑RE͔͒. For the discussion we will follow the energy level diagram of Er 3+ and Tm 3+ ions schematically shown in Fig. 5 .
The analysis of the results for the first series f͑Tm͒ shows that when the Tm concentration is increased while keeping the Er concentration constant the Er 3+ related emission intensity at 1540 nm due to the 4 I 13/2 → 4 I 15/2 transition always decreases as the Tm concentration increases. Furthermore, the lifetime of the 1540 nm emission decreases as the Tm concentration increases ͑Fig. 4͒. The fact that Tm codoping reduces the Er 3+ related luminescence intensity and lifetime indicates that Tm 3+ introduces nonradiative decay routes for excited Er 3+ ions that can be related to energy transfer processes from Er 3+ to Tm 3+ ions. This is an important observation since it points out that the performance of a codoped system is substantially different than that of cascaded Er and Tm devices.
The PL intensity of the emission at 1640 nm due to the Tm 3+ related 3 F 4 → 3 H 6 transition increases as the Tm concentration is increased up to 2.15ϫ 10 20 cm −3 . Moreover the lifetime of the 1640 nm emission for Tm concentrations lower than 2.15ϫ 10 20 cm −3 can be higher than the value reported for this transition in silica based materials which is of the order of 400 s. 9, 22 The increase of the 1640 nm emission intensity as the Tm concentration increases has also been reported for Er-Tm codoped tellurite glasses, however, the real variation of the Er related emission intensity is not evident since all shown emission spectra were normalized to that at the Er emission peak wavelength. than that of the Tm-only doped film with the same concentration ͑Fig. 2͒. Therefore for Tm concentrations up to 2.15 ϫ 10 20 cm −3 it seems that the Er 3+ to Tm 3+ energy transfer is the dominant process in a-Al 2 O 3 codoped films, that results in a decrease of the 1540 nm emission and in a relative enhancement of the 1640 nm emission. For Tm concentrations higher than 2.15ϫ 10 20 cm −3 the photoluminescence intensity decreases with the increase of the Tm content for both series and the lifetimes decrease significantly. At this high RE concentration, quenching mechanisms start playing a role. 23 The processes that have previously been reported to explain Er to Tm energy transfers in other materials are the following and are schematically shown in Fig. 5 state. This is a quasiresonant process with an energy mismatch of ϳ0.1 eVϵ 806 cm −1 . In the case of the cooperative upconversion process ͑1͒, an enhancement of the emission tail at 1480 nm upon subsequent deexcitation of the Tm 3+ , together with the enhancement of the emission at 1640 nm, should be expected. With the increase of the Tm concentration ͓see Fig. 1͑a͔͒ there is a clear increase of the 1640 nm emission, but comparatively there is no evidence for the enhancement of the emission at 1480 nm. Therefore for the Er-Tm a-Al 2 O 3 codoped films it is unlikely that this upconversion process is taking place. Note that the situation in our a-Al 2 O 3 host is quite different than in the case of the silicon-rich-oxide films, where there is no radiative emission at 1480 nm due to strong multiphonon effects in silica that results in a nonradiative transition from 3 H 4 to 3 F 4 . This is not the case for a-Al 2 O 3 where the relatively low maximum phonon energy ͑870 cm −1 ͒ allows the observation of the radiative decay of this transition as it is clearly seen for the Tm-only doped film.
The processes ͑2͒ and ͑3͒ are in principle possible for the a-Al 2 O 3 films since both imply an effective decrease of the population of Er 3+ and thus are able to explain the observed linear decrease of the 1540 nm emission with the increase of the Tm concentration ͓Fig. 2͑a͔͒. Due to the quasiresonant nature of process ͑3͒ it can be assumed that this is the most probable process. This conclusion is in agreement with what has been reported for fluoride glasses showing that the energy transfer between Er 3+ and Tm 3+ occurs primarily at the lowest excited states. Since the Er concentration is constant in the f͑Tm͒ series it is possible to calculate the energy transfer efficiency from Er 3+ to Tm 3+ . Considering the Er 3+ as a donor and the Tm 3+ as an acceptor the energy transfer can be defined as ET =1−͑ f / 0 ͒, where 0 and f are, respectively, the lifetimes in the absence and in the presence of an acceptor. 7 Taking into account the lifetimes in Fig. 4͑a͒ the transfer efficiency increases from 23% up to 90% as the Tm concentration increases. This indicates that for the highest Tm concentration most of the Er 3+ excitation is transferred to Tm 3+ . This result is in agreement with Fig. 3͑a͒ where it is seen that the 1640 nm to the 1540 nm intensity ratio increases as the Tm concentration increases.
In the f͑RE͒ series the situation is somehow different since the Er concentration increases at the same time as the Tm concentration increases in order to keep the ͓Tm͔ / ͓Er͔ ratio constant. Therefore, as the Tm concentration increases there are more Er 3+ ions available for both the radiative emission and the energy transfer to Tm 3+ . The transfer efficiency in this case should be constant since the ͓Tm͔ / ͓Er͔ ratio is constant, and this is experimentally evidenced in Fig.  3͑b͒ where it is seen that the 1640 nm to the 1540 nm intensity ratio is almost constant at ϳ0.7. This result is also consistent with the fact that the shape of the spectrum undergoes no significant changes as the total RE ion concentration is increased ͓see Fig. 1͑b͔͒ Table I͒ , and thus the intermediate Tm-doped layers might not receive an efficient energy transfer from the Er-doped layers. This might explain also why slightly higher PL intensities are found for the f͑RE͒ series compared to the f͑Tm͒ ones. This reasoning evidences that there is still room for further research in engineering the dopant concentration and distribution to optimize the response of the Er-Tm codoped films in order to build efficient broadband amplifiers with a uniform response over the considered spectral range.
V. CONCLUSIONS
Er-Tm codoped a-Al 2 O 3 thin films under an excitation at 794 nm show a broad emission band extending in the wavelength range of 1400-1700 nm. The full width at half maximum ͑FWHM͒ achieved varies from 125 to 230 nm depending on the RE content and ͓Tm͔ / ͓Er͔ concentration ratio. This FWHM value is comparable or higher than that reported recently for silica ͑90 nm͒ and tellurite ͑160 nm͒ fibers. The band is mainly formed by the 1640 nm emission from Tm 3+ and the 1540 nm emission from Er 3+ . The results evidence an efficient energy transfer from Er 3+ to Tm 3+ which leads to a decrease of the efficiency of the Er 3+ -related 1540 nm emission ͑both in intensity and lifetime͒ with respect to the Er-only doped films. However, it is also shown that dopant engineering in the nanoscale opens possible routes to optimize this energy transfer for achieving a flat and broad emission band, with enough long lifetimes and with a control over the dual role of Er 3+ as a donor for Tm 3+ as well as an emitter.
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